Actin is one of the proteins that rely on chaperonins for proper folding. This paper shows that the thermal unfolding of G-actin, as studied by CD and ultraviolet difference spectrometry, coincides with a loss in DNase I-inhibiting activity of the protein. Thus, the DNase I inhibition assay should be useful for systematic studies of actin unfolding and refolding. Using this assay, we have investigated how the thermal stability of actin is affected by either Ca 2 1 or Mg 2 1 at the high affinity divalent cation binding site, by the concentration of excess nucleotide, and by the nucleotide in different states of phosphorylation (ATP, ADP.P i , ADP.V i , ADP.AlF 4 , ADP.BeF x , and ADP). Actin isoforms from different species were also compared, and the effect of profilin on the thermal stability of actin was studied. We conclude that the thermal unfolding of G-actin is a three-state process, in which an equilibrium exists between native actin with bound nucleotide and an intermediate free of nucleotide. Actins in the Mg-form were less stable than the Ca-forms, and the stability of the different isoforms decreased in the following order: rabbit skeletal muscle a-actin bovine cytoplasmic g-actin . yeast actin . cytoplasmic b-actin. The activation energies for the thermal unfolding reactions were in the range 200±290 kJ´mol 2 1 , depending on the bound ligands. Generally, the stability of the actin depended on the degree with which the nucleotide contributed to the connectivity between the two domains of the protein.
Actin, the major constituent of the microfilament system of eukaryotic cells, is involved in various force generating processes. Many organisms have different actin isoforms (reviewed in [1] ), whose functional significance is suggested by tissue-specific expression and differential intracellular localization. Actin consists of two major domains, each divided into two subdomains [2] . One adenine nucleotide and a divalent cation are bound with high affinity at the bottom of the central cleft between the major domains ( Fig. 1) . The extensive contacts between the nucleotide±cation complex and residues in all four subdomains contribute to the stability of the protein, which quickly loses its polymerizability after removal of either the nucleotide or the cation [3, 4] .
Monomeric actin (G-actin) binds bovine pancreatic deoxyribonuclease I (DNase I) with nanomolar affinity [5, 6] and inhibits its endonuclease activity [7, 8] . This has been used to develop a simple, spectrophotometric assay for the quantification of unpolymerized and filamentous actin which can be applied even to crude cell extracts [9±11] . This assay has also been used to estimate the extent of inactivation of EDTAtreated G-actin [12, 13] . The DNase I-binding site on actin comprises residues in subdomains 2 and 4 ( Fig. 1) [2] . Thus, DNase I-binding and enzyme-inhibiting activity of actin would be expected to be sensitive to changes in the actin interdomain relationship. Conversely, binding of DNase I to native actin would span the nucleotide-binding cleft of the molecule, clamp the two domains and hinder conformational changes in the actin.
Single-domain proteins often fold spontaneously [14±16], whereas multidomain proteins require chaperonins for their folding. Actin, with its complexity and well-established biochemistry, provides a good model for studies of folding/ unfolding. Exposure of actin to denaturing conditions has revealed two stages of different sensitivity and degrees of reversibility. After an initial irreversible step during which the ability to bind nucleotide and divalent cation, polymerizability and 40% of the a-helical content is lost, a second step with total unfolding of the protein follows. The second step appears to be spontaneously reversible, whereas reversal of the initial loss of structure and biological activity requires the involvement of the chaperonin complex CCT for folding [17, 18] . The details of the folding mechanism, however, remain to be determined. This paper shows that the loss of DNase I-inhibition activity of actin at increased temperatures correlates with the thermal unfolding of actin, as seen by CD, spectropolarimetry and ultraviolet difference spectroscopy. Therefore, the spectrophotometric DNase I-inhibition assay [9] can be used as a rapid and convenient method to study the initial stages in the unfolding of actin. It offers a direct measure of the appearance of biologically active actin in experiments with folding factors such as chaperonins. Although several studies [4,19±28] have addressed the thermal stability of G-actin, systematic investigations of the effects of different ligands on the stability of isolated actin isoforms have not been conducted. Here, the q FEBS 2000
Thermal unfolding of G-actin (Eur. J. Biochem. 267) 477 DNase I-inhibition assay is used to determine the kinetic parameters for the irreversible thermal denaturation of mammalian a, b, g, and yeast G-actin under varying conditions. The results show that actin isoforms differ in thermal stability, and that the stability of actin depends on the nature of the bound nucleotide±cation complex and reflects differences in the linkages between the two major domains of the actin molecule mediated by these ligands. The fact that the stability was increased in direct proportion to the excess nucleotide suggests that the thermal unfolding of actin occurs via a nucleotide-free intermediate.
M A T E R I A L S A N D M E T H O D S

Chemicals and protein purification
DNase I from bovine pancreas (Boehringer Mannheim GmbH, grade I) was further purified by gel filtration on Sephacryl S-200 H (Amersham Pharmacia Biotech) in 10 mm Tris/HCl pH 7.8, 0.1 m NaCl, 0.5 mm CaCl 2 . Cytoplasmic b/g-actin (containing 60±70% b-actin and 30±40% g-actin) was purified from calf thymus [29] . Separation of the b and g isoforms was achieved by hydroxyapatite chromatography [29, 30] (Hypatite C, even lot number; Clarkson Chromatography Products, South Williamsport, PA, USA). Skeletal muscle a-actin was purified from rabbit muscle [31] . Yeast actin and yeast-expressed chicken b-actin were purified using DNase I-affinity chromatography and isoform separation by hydroxyapatite chromatography [6, 32] . All actins were finally gel-filtered on Sephacryl S-300 (Amersham Pharmacia Biotech) or dialysed in buffer G (5 mm Tris/HCl pH 7.6, 0.1 mm CaCl 2 , 0.5 mm ATP, 0.5 mm dithiothreitol). Actin was used within 1 week, or stored as droplets (25 mL) in liquid nitrogen. Actin concentrations were determined photometrically, using an extinction coefficient of : 290 nm 0.63 mL´mg 2 1´c m 2 1 for G-actin [33] . ADP-actin was prepared by a cycle of polymerization/depolymerization and subsequent gel filtration on S-300 in buffer G containing 0.5 mm ADP instead of ATP. Mg-actin was obtained [34] by incubation of the actins in buffer G with 0. and beryllium fluoride (BeF x ) treatment of actin was as described previously [35±37] . Profilin was purified from calf thymus as described [29] . Phalloidin (Boehringer Mannheim GmbH) was dissolved in Me 2 SO to a concentration of 50 mm and further diluted in buffer G before use. The final concentration of Me 2 SO never exceeded 0.1%.
DNase I-inhibition assay
The DNase I-inhibition assay was performed as described originally [9] . In brief, a DNA substrate solution (40 mg´mL 2 1 ) was prepared by dissolving salmon sperm DNA (Sigma D-1626) in 100 mm Tris/HCl pH 7.6, 4 mm MgSO 4 , 1.8 mm CaCl 2 . To determine the endonuclease activity of DNase I, 1 mg enzyme was mixed rapidly with 3 mL substrate solution at 25 8C, and the change in absorbance at 260 nm was recorded continuously over a period of 1±2 min using a Hewlett-Packard 8452A spectrophotometer equipped with the manufacturer's kinetics software. To determine the amount of DNase I-inhibition activity in an actin solution, 1 mg of DNase I was premixed with an amount of protein sufficient to give 30±70% inhibition of the DNase I-activity, as calculated from the ratio of the linear slopes of the absorbance increases in the absence and presence of actin.
Thermal melting curves
After establishing the DNase I-inhibition activity of monomeric actin (usually 1±10 mm) in buffer G at 25 8C, a sample was incubated at 40 8C for 10 min. Then, the sample was heated at a constant rate, and DNase I-inhibition activity was measured at 3-min intervals. The melting temperature (T m ) was taken as the temperature at which the DNase I-inhibition activity of the sample had decreased to 50% of the value determined at 25 8C. In analogy to the thermal melting of nucleic acids [38] , the steepness of the transition at T m was used as a measure of the cooperativity of the unfolding reaction. The value a given in Table 1 is the negative slope in T m in a plot of the DNase I-inhibition activity (as a percentage of the value at 25 8C) vs. temperature (e.g. Fig. 2C ). Thus, a higher value of a q FEBS 2000
indicates a more cooperative unfolding. However, a is only meaningful for internal comparison and should not be confused with the cooperativity index derived from Hill plots. The energy of activation (E a ) for an irreversible unfolding reaction can be determined from the heating-rate dependence of T m using:
where v is the heating rate and C is a constant [39] . Consequently E a can be estimated from the slope of:
Here, E a was estimated from thermal transitions recorded with heating rates of 20, 30, 40, 60, and 90 8C´h 2 1.
Unfolding kinetics
To determine the kinetics of the thermal inactivation of G-actin, samples were incubated at elevated temperatures, and aliquots were removed at intervals and analysed for DNase I-inhibition activity as described above. The fraction of active actin remaining ( f nat ) was plotted as a function of time, and the apparent denaturation rate constant (k app ) was determined by curve fitting to:
f nat e k app´t using Microcal origin. The k app values for several temperatures were plotted in Arrhenius plots from which the energy of activation (E a ) and the frequency factor (A) were estimated.
CD spectropolarimetry
CD spectra of actin (8 mm in buffer G) were recorded on a Jasco J-720 spectropolarimeter, using 0.1 mm-cuvettes. To monitor the thermal unfolding of actin, the ellipticity at 222 nm was recorded while the protein solution was heated at a rate of 40 8C´h 2 1 using a Peltier-type thermostatic cell holder (Jasco PTC-343) and 1-mm cuvettes.
Ultraviolet difference spectroscopy
Difference spectra of native and heat-denatured G-actin (recorded on a Hewlett-Packard 8452A spectrophotometer) showed a maximum at 304 nm, in agreement with a previous study [20] . Thermal unfolding was followed by heating samples at a rate of 40 8C´h 2 1 and monitoring the D 304 against a reference sample at 25 8C.
Solvent-accessible surface areas
Solvent-accessible surface areas were calculated using the program naccess (S. J. Hubbard & J. M. Thornton, Department of Biochemistry and Molecular Biology, University College, London, 1993).
R E S U L T S
The DNase I-inhibition assay for studies of thermal unfolding of G-actin Analysis of native and heat-inactivated monomeric b/g-actin with Ca-ATP by CD spectropolarimetry showed that approximately 30% of the a-helical structure was lost after thermal unfolding ( Fig. 2A, inset ). This is similar to results obtained for skeletal muscle, gizzard, and yeast actins [4, 19, 23] . The change in ellipticity at 222 nm and in optical density at 304 nm showed that the actin denatured with a T m of 60.5±61.0 8C when heated at a rate of 40 8C´h 2 1 (Fig. 2) . Similarly, with the DNase I-inhibition assay, a single transition with a T m of 60.5 8C was observed using the same heating rate and solution conditions. Thus, the loss of DNase I-inhibition activity during heat treatment coincided with the unfolding of the secondary structure of actin as observed by CD spectropolarimetry and difference spectroscopy, which indicates that the DNase I-inhibition assay can be used to monitor the thermal unfolding of actin. The reproducibility of the DNase Iinhibition assay was demonstrated by the low variation in the T m values determined for different preparations of b/g-Ca-ATP-actin (SD 0.7 8C; n 6). For skeletal muscle actin a T m of 60.5 8C was determined here, which is consistent with values determined previously using microcalorimetry, CD spectropolarimetry, and fluorescence spectroscopy [4,23±25] .
Irreversible unfolding of G-actin
Following thermal inactivation, DNase I-inhibition could not be regained by incubation of the actin either at room temperature or at 4 8C. The midpoints of the transitions from the active to inactive state showed a strong dependence on the heating rate, indicating that the thermal denaturation of G-actin is not a thermodynamic equilibrium process (e.g. [39] ). Furthermore, when G-actin solutions were incubated at constant temperatures, equilibria between active and inactive actin were not established. Instead the samples lost their DNase I-binding capacity completely with apparent first-order kinetics (Fig. 3A) , These results suggest the following scheme for the thermal unfolding of G-actin:
Where N is native actin, and k app is a temperature-dependent, apparent first-order rate constant. D denotes partially denatured actin, which has lost DNase I-binding capacity but retains approximately 70% of its a-helical structure. Equilibrium thermodynamic analysis is frequently applied to irreversible protein denaturation under the assumption that the N 3 D transition is divided into reversible formation of an intermediate . Both methods (B and C) yielded similar estimates of the activation energy (E a ) and Arrhenius factor for the thermal unfolding reaction (see Table 1 ). q FEBS 2000 (I) followed by irreversible denaturation of this intermediate at higher temperatures: Fig. 4 , it is shown that the apparent first-order unfolding rate constants for b/g-actin were a function of the concentration of free nucleotide and depended on the divalent cation bound to the actin. This suggests the existence of a nucleotide-free intermediate, which either can be stabilized by rebinding nucleotide (nuc), or unfolds spontaneously with first-order kinetics:
The good fit of the experimental data to first-order kinetics (Figs 2A and 3A) and the dependence of the transition temperature on the heating rate (Fig. 3C) indicate that the unfolding reaction is dominated by the kinetics of the irreversible step [39±43] . Under these conditions, the intermediate never accumulates, and only the N and D states are significantly populated. Therefore, the thermal unfolding of G-actin should be considered irreversible [43, 44] , and cannot be treated as an equilibrium-thermodynamic process (e.g. [23] ).
Actin was stabilized by excess nucleotide under all conditions studied (Fig. 4) . A fourfold excess of ATP reduced the apparent unfolding rate of Ca-ATP-actin (6 mm) by a factor of approximately three, but at higher concentrations of free ATP the stabilizing effect increased only slightly. In the case of Ca-ADP-actin, stabilization was not observed unless the concentration of free ADP exceeded 0.5 mm. The apparent unfolding rate was then reduced by a factor of two to three. With Mg-actin, the stabilizing effect of free nucleotide was even more pronounced. At 1.5 mm free ATP, the unfolding rate was six times slower than in the absence of free ATP.
Stabilization of carboxypeptidase B by Zn 2 1 during thermal denaturation has been described by a kinetic model [39] . Applying this model to the stabilization of actin by nucleotide led to:
where k N and k I are the rate constants for unfolding from the native state and denaturation of the nucleotide-free intermediate, respectively, and K is the equilibrium constant for nucleotide binding. This scheme differs from Scheme 1 by the addition of an irreversible step accounting for denaturation of actin with bound nucleotide. The formation of the denatured state can be described by:
The equilibrium constant for nucleotide binding is defined as:
Scheme 3 can therefore be written in the form:
Under the assumption that the nucleotide-free intermediate I can inhibit DNase I, the apparent first-order denaturation rate constant is given by:
Thus, the curves of k app vs.
[nucleotide] 2 1 (Fig. 4B,C) have slopes of k I´K and an ordinate intercept of k N . For Ca-actin these curves were linear, but in the case of Mg-actin they consisted of two linear phases. Under all four experimental conditions, the values of k N determined by extrapolation were very low, suggesting that actin denatured mainly via the nucleotide-free intermediate, corroborating Scheme 1 for the thermal unfolding.
Kinetic parameters for the irreversible thermal denaturation of G-actin
The activation energies (E a ) for the irreversible unfolding reactions were estimated either from the dependence of the melting temperatures on the heating-rate, or from Arrhenius plots of the temperature dependence on the apparent denaturation rate (Fig. 3) . For the unfolding reaction of a-Ca-ATP-actin, E a values of 269^31 and 290^25 kJ´mol 2 1 , and frequency factors of 95 and 100 were estimated with these two methods, respectively (Table 1) . These results are in good agreement with a recent determination of these parameters [25] , lending further credence to the validity of the DNase I-inhibition assay for studies of actin unfolding.
Effects of nucleotide and divalent cation
The bound nucleotide and high-affinity divalent cation were found to determine the thermal stability of b/g-actin to a large extent. The ATP-actin was more stable than ADP-actin, regardless of whether Mg 2 1 or Ca 2 1 was bound ( Fig. 5 and Table 1 ). As judged from the higher slopes of the transitions seen with ATP-actin, the unfolding was more cooperative in this case, confirming the importance of the g-phosphate of ATP for interdomain coupling [6] . With Mg 2 1 replacing Ca 2 1 at the high-affinity binding site, the T m were lowered by 4±5 8C with both ATP-and ADP-actin. This reduction in stability may be explained by the lower affinity of actin for Mg 2 1 than for Ca 2 1 . A comparison of the unfolding activation energies for the ATP-and ADP-actins revealed that E a for Mg-actin was not Open symbols, Mg-actins; filled symbols, Ca-actins; circles, ADP-actin; triangles, ADP.P i -actin; diamonds, ATP-actin. T m values are summarized in Table 1. significantly affected by the presence of the g-phosphate group, whereas the value for Ca-actin was 70 kJ´mol 2 1 higher with ATP than with ADP ( Table 1 ). The observations with the Mg-actin illustrate that T m and E a are different measures of protein stability. The T m value is empirical, whereas E a is an enthalpy influenced by both the kinetics and midpoint of the transition.
When inorganic phosphate (P i ; 0.5 or 5 mm) was added directly to ADP-actin, no effect on the T m was observed (data not shown). Vanadate (V i ; 1 mm) had a slightly stabilizing effect. However, when monomeric ADP.P i -actin was prepared by depolymerizing F-actin in ADP and P i (10 mm), the presence of the inorganic phosphate stabilized the protein and conferred a higher degree of cooperativity to the unfolding reactions ( Fig. 5 and Table 1 ). This suggests that the release of P i from actin monomers results in a conformational change which prevents rebinding of P i and causes an irreversible loss of interdomain coupling. Addition of AlF 4 , but not BeF x , to monomeric ADP-actin raised both its T m and the degree of unfolding cooperativity. These effects of inorganic phosphate and phosphate analogs were seen with either Mg 2 1 or Ca 2 1 present at the high-affinity divalent cation binding site.
The difference in the unfolding activation energies in the presence and absence of bound ATP (E aG and E a0 , respectively) reflects the enthalpy of nucleotide binding (H ATP ) according to E aG E a0 2 H ATP . The unfolding energies of ATP-actin free of excess nucleotide (E a0 ) were lower than in the presence of 0.5 mm free ATP (E aG ). This difference was considerably larger for Ca-than for Mg-actin (Table 1 ). Under the assumption that the concentration of actin with bound nucleotide was negligible during unfolding in the absence of excess ATP (see Scheme I), H ATP was estimated to 80 kJ´mol 2 1 in Mg-actin and to 200 kJ´mol 2 1 in Ca-actin. These results are in agreement with a tighter binding of Ca-ATP compared with Mg-ATP, and the values are in the same range as the binding energies determined for other protein±ligand interactions [16] . Table 1 shows the T m values for different actin isoforms. Rabbit skeletal muscle a-actin and bovine thymus g-actin had similar stabilities, whereas b-actin, prepared either from bovine thymus or expressed in yeast (see [6] ), was inactivated at lower temperatures. Yeast actin was more stable than b-actin but less stable than the a-and g-isoforms. Exchanging the highaffinity Ca 2 1 for Mg 2 1 led to a 4±5 8C decrease in the T m for a-, b-and g-actin. A similar decrease was also observed with yeast actin.
Isoform comparison
Effect of profilin on the thermal stability of b/g-actin
A fourfold excess of profilin over actin did not affect the affinity of the DNase I±actin complex (data not shown). Thus, it is possible to use the DNase I-inhibition assay to study the effect of profilin on actin unfolding. The presence of equimolar profilin decreased the thermal stability of ATP-actin regardless of whether Mg 2 1 or Ca 2 1 were bound and did not affect the cooperativity of the reaction (Fig. 6, Table 1 ). Profilin, however, markedly stabilized ADP-actin against thermal unfolding, raising the unfolding cooperativity. Thus, dependent on the status of the actin-bound nucleotide, profilin either destabilized or stabilized G-actin. Similar results were obtained in the presence of Mg 2 1 or Ca
Effect of phalloidin
The presence of phalloidin up to a 10-fold excess over actin under non-polymerizing conditions did not change the DNase I-inhibiting activity of actin, enabling a study of the effect of phalloidin on thermal unfolding of G-actin. Also in these experiments, the concentrations of monomeric b/g-actin were low enough to prevent heat-induced filament formation. The results showed that the thermal transitions of 1 mm Ca-ATP-actin in the absence of phalloidin, or in the presence of either equimolar or a 10-fold molar excess of phalloidin were identical, demonstrating that phalloidin had no stabilizing effect on G-actin.
D I S C U S S I O N
The interaction between DNase I and the DNase I-binding loop (residues 38±51) in subdomain 2 of actin ( Fig. 1 ) buries 812 A Ê 2 of solvent-accessible surface area of actin. The site on subdomain 4 is less extensive (156 A Ê 2 ), but important, as it includes a salt bridge (DNase I His44, actin Glu207) and a hydrogen bond (DNase I Gln13, actin Thr203) [2] . In the crystal complexes of gelsolin±actin and profilin±actin, the DNase I-binding loop is one of the least ordered regions of the molecule [45±47]. The existence of linkages between subdomain 2 and other parts of the molecule is known from solution studies [48±51] . Formal analysis of domain motions in actin using the four available actin structures [52] indicated that subdomain 2 rotates relatively independently of the rest of the small domain of actin (i.e. subdomain 1), and small changes in the structure of subdomain 2 probably explain the small condition-dependent variations in the DNase I-inhibiting activity observed (data not shown).
During time-and temperature-dependent thermal unfolding, 30% of the a-helicity was lost in a process that coincided with a loss in DNase I-inhibiting activity, suggesting that these processes are closely linked. As 44% of the amino acid residues in actin are found in a-helices (166 of 375 residues), and only eight of these residues reside in subdomain 2 (56±60 and 62±64), it is concluded that binding of DNase I to actin not only probes the status of subdomain 2, but the status of the overall three-dimensional fold of actin.
The fold of actin is rather intricate, with subdomains that are not formed from contiguous stretches of the polypeptide, i.e. actin is not a segmented protein. Instead the chain, starting from the N-terminus, transverses the subdomains in the order 1323133343331, creating a small and a large domain (subdomains 1 1 2 and 3 1 4, respectively) connected by two crossed helices at the bottom of the interdomain cleft. Thus, changes in any part of the structure may be communicated throughout the molecule via the interdomain linkages [47] , and it is not surprising that conformational changes in subdomain 2 can be caused by those occurring in subdomains 1 and 3, where most of the a-helices are found. As the DNase I-binding site is located far away from the interdomain hinge and shear regions, its conformation will be sensitive even to small conformational changes affecting the interdomain angle, resulting in measurable changes in the DNase I-binding activity. The DNase I-inhibition assay is simple, rapid and sensitive, requiring only a single beam UV-spectrophotometer, and therefore should prove useful for studies on unfolding and refolding of actin.
It is known from earlier studies that a 30±40% loss in the a-helix content of actin occurs with a T m of between 55 and 60 8C, and that no additional changes take place if the protein is further heated to 95 8C. This structural transformation corresponds to the initial phase in the unfolding of actin that occurs at moderate concentrations of the chaotropic agent guanidinium chloride, or after addition of chelating agents removing the high-affinity divalent cation (and consequently the actin-bound nucleotide). This process is irreversible unless chaperonins are present. The further transformation of the protein to the fully denatured state that occurs at higher concentrations of guanidinium chloride appears to be reversible.
G-actin treated with EDTA denatures with first-order kinetics [4, 12] , and G-actin loses its high-affinity divalent cation and nucleotide upon heat treatment [4] . Thus both EDTA-and heatinduced denaturation of G-actin occur by irreversible unfolding after reversible loss of the nucleotide±cation complex, as described by a three-state model (Scheme 1). The implication for chaperonin-mediated actin folding [17] is that a partially folded, nucleotide-free precursor of actin must be stabilized to form a conformation that is competent to bind nucleotide, Table 1. before isomerization to the native form can occur. Actin, with its high abundance and well-established biochemistry, should be an ideal model protein to study the final stages of folding. The DNase I-inhibition assay, with its high specificity for the native conformation of actin and a detection limit in the range of 0.1 mg, should be useful in such studies. Commonly used polymerization assays rely on carrier actin, and involve the risk of coaggregation of partly denatured actin.
Many proteins with complex structure (with or without ligands bound) unfold irreversibly during heat treatment into partially folded structures. In such cases, the thermal denaturation cannot be analysed using models that depend on the establishment of thermodynamic equilibria. Instead, kinetic models have to be used [39±43,53±62]. The present analysis confirms that the T m values of muscle and nonmuscle G-actins depend on the heating rate, that the thermal unfolding proceeds with first-order kinetics, and that it is an irreversible process (Scheme 1) [4, 19, 23, 25, 28] . This warrants determination of E a , but not of DG, as done in some studies [23] . The activation energies for the thermal unfolding of actin were of similar magnitude as those determined for other proteins [60] , and considering that the loss of secondary structure in actin is limited, the activation energies obtained are in reasonable agreement with the theoretical value of 4 kJ per mol of unfolded residue [63] .
The strong dependence of the unfolding kinetics on the nucleotide concentration observed here (Fig. 4) argues against side reactions such as polymerization, disulfide formation, and proline isomerization, as the cause of irreversibility [22] . Given the considerable difference in the stabilities of ADP-and ATP-actin (Table 1) , discrepancies in the literature on actin stability may be explained by differences in the relative amounts of ATP and ADP available per actin molecule.
Effect of nucleotide and cation
The importance of the g-phosphate and residues in the two phosphate-binding loops for interdomain coupling indicated in the actin structure [2] was demonstrated by analyses of actin mutants [6] . As shown here, monomeric ADP-actin was less thermostable than both ATP-actin and ADP-actin with the g-phosphate position occupied by either inorganic phosphate or phosphate analogs. This is consistent with the binding energy of a ligand being directly related to its stabilizing effect [64] . The ADP-actin was stabilized by AlF 4 to a greater extent than by inorganic phosphate, vanadate, or BeF x , and the stabilizing effect on the Mg-form was more pronounced than on the Ca-form of the protein. Thus, AlF 4 probably makes the most extensive contacts with the protein, which is consonant with the finding that, of all the ligands tested, ADP´AlF 4 conferred the highest degree of cooperativity to the unfolding reactions. The unfolding characteristics of ADP´AlF 4 -actin were closer to those of ATP-actin than of ADP-actin, in particular with the hydrolytically active Mg-form of the protein. This implies that ADP´AlF 4 with its interactions with actin might resemble the transition state in the hydrolysis reaction, as in a number of phosphoryl transferases (reviewed in [65] ).
The kinetic analysis of the effect of free nucleotide on actin unfolding showed that even though the nucleotide-free intermediate does not accumulate during thermal unfolding of actin, the reaction proceeded according to Scheme 1. This scheme for actin unfolding has been proposed before based on inactivation of actin, as determined by the inability of nucleotide-free actin to polymerize [3, 4] or to rebind nucleotide [66] . The apparent unfolding rates obtained in these studies and those presented here show that the loss of bound nucleotide first leads to inability to rebind nucleotide, then to loss of polymerizability, and finally to more extensive losses of secondary structure and DNase I-binding capacity. This order of events is also confirmed by the faster loss of polymerizability than a-helix content during thermal unfolding [4] .
The unfolding kinetics of G-actin were affected by excess nucleotide in such a way that the plots of the rate constant for unfolding (k app ) against the inverse of the nucleotide concentration ([nucleotide] 2 1 ) were linear for CaATP-actin (Fig. 4B) . In the case of MgATP-actin, two linear segments with different slopes were observed. The steeper slope at higher concentrations of ATP may reflect a low affinity binding of ATP protecting the actin against thermal denaturation. Evidence for a second nucleotide-binding site has been reported earlier [67] . Interaction at this site influenced nucleotide exchange at the high affinity site, and appeared not to be due to chelation of divalent cations. Our observations corroborate this finding in that the stabilizing effect of nucleotide increased at high concentrations, whereas chelation of divalent cation by excess nucleotide would have destabilized the actin.
The observation that Mg-actin was less thermostable than Ca-actin is consistent with the view that MgATP is less firmly bound to the actin than CaATP (reviewed in [68] ). This was also suggested by molecular dynamic simulation studies [69] which indicated a more open conformation of Mg-actin than of Ca-actin. The present study shows that there was no difference in the activation energies for ADP-and ATP-actin unless Ca 2 1 was bound. Thus in Mg-actin, the loss of the g-phosphate seems to be compensated for by formation of additional bonds to ADP. Consistent with this, ATP binds 4-to 12-fold more tightly than ADP to Mg-actin, while the difference in affinities is nearly 200-fold with Ca-actin (reviewed in [68] ),
Isoform differences
The thermostabilities of the different actins studied here were affected by exchange of nucleotide and cation to the same degrees. This shows that the nature of the nucleotide±cation complex is a stronger determinant of actin stability than isoform differences. Despite the conserved nature of the nucleotide±cation binding site, cytoplasmic b-actin was less heat-stable than skeletal muscle a-actin, cytoplasmic g-actin and yeast actin. The difference in stability between the b-and g-actins was surprising, as these isoforms differ only in their N-terminal sequences (D 2 , D 3 , D 4 ¼V 10 for b-actin, E 2 , E 3 , E 4 ¼I 10 for g-actin). The implication is that the properties of the N-terminus influence the stability of the protein through its interactions with other regions of the molecule. Comparison of heat-and EDTA-induced inactivation of smooth and striated muscle actins led to the suggestion that residues 17 and/or 89, but not the composition of the N-terminus, influenced actin stability [4] . The b-and g-nonmuscle isoforms studied here as well as yeast actin are identical at positions 17 and 89, whereas they differ from skeletal muscle a-actin at these positions. However, these four actins do not separate into two groups with respect to their stability. Instead, b-actin is the least stable and g-actin is as stable as a-actin. In addition, yeast actin, which is the most divergent of the actins studied here and the one with the most basic N-terminus, has an intermediate thermal stability. Thus clearly, the composition of the N-terminus does affect actin stability, but it is difficult to predict the effects of specific amino acid replacements in this context. 
Effects of profilin
Profilin is known to facilitate the exchange of actin-bound ATP [70] and inhibit the ATPase activity of the protein [71] . In the present experiments, profilin destabilized ATP-actin, in agreement with a profilin-induced cleft-opening [47] . However, when ADP was bound, profilin stabilized the actin and markedly raised the unfolding cooperativity, suggesting a profilin-induced tighter binding of ADP to actin. It has been shown that profilin reduces the affinity of actin for MgADP by promoting MgADP dissociation and inhibiting MgADP association [72] . Therefore, profilin might fix the interdomain angle in ADP-actin, trapping the molecule in a more stable conformation.
Phalloidin has been shown to stabilize filamentous actin against heat denaturation [24, 73] . It has been proposed that phalloidin also stabilizes monomeric actin [24, 26] , implying phalloidin binding to G-actin. However, no effect of phalloidin on the thermal stability of G-actin was found here, possibly because the low concentrations of actin prevented uncontrolled heat-induced polymerization. Thus, the DNase I-inhibition assay, due to its high sensitivity, enables the study of thermal stability of G-actin under polymerizing conditions, e.g. in the presence of Mg 2 1 , excess of P i or phosphate analogs, or of phalloidin.
C O N C L U S I O N
It is possible that chaperonin-mediated actin folding in vivo [17] occurs by the stabilization of nucleotide-free actin in a conformation that allows nucleotide-binding and subsequent folding to the native state. The nucleotide-free intermediate proposed in Scheme I may represent such a precursor of native actin, and a characterization of this short-lived intermediate by appropriate techniques (e.g. stopped flow analysis) would be of great interest. It is well known that cooperativity between secondary structural elements plays an important role in folding (reviewed in [14±16]), and the cooperative interdomain relationship addressed here and in previous studies ( [74] and references therein) is therefore expected to be crucial also to the folding of actin.
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